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Diatomic nickel-copper, NiCu, has been investigated by resonant two-photon ionization 
spectroscopy in a jet-cooled molecular beam. Six band systems have been identified over the 
range 11 500-16 500 c m '1. The ground state of NiCu has been determined to be * 2A5/2, with 
co" =  273.01 +  1.15 cm-1 , co"x" — 1.00 +  0.38 cm-1 , and r" — 2.233 +  0.006 A. This state 
derives from a strongly bound (2.05 +  0.10 eV) 3d  c°u3 d ^ 4s<j2 configuration. Excited states 
observed in this work derive from the more weakly bound 3 d c°u3d^Ascf-Ascr*' configuration, 
and are characterized by smaller vibrational frequencies (191-208 cm-1 ) and a longer bond 
length (2.351 +  0.005 A ) than the ground X 2L sn  state.
I. INTRODUCTION
The electronic structure and chemical bonding of small 
transition metal clusters are topics of considerable current 
interest from both the experimental1^ 1 and theoretical5-8 
points of view. In addition to providing information about 
the small clusters themselves, investigations of these topics 
provide important data which is relevant to many branches 
of chemistry and physics, ranging from heterogeneous ca­
talysis and surface chemistry to solid-state physics. In all of 
these fields, an understanding of the chemical bonding 
which occurs between metals is important. By investigating 
diatomic and triatomic metals in spectroscopic detail, the 
nature of the metal-metal chemical bond may be ascer­
tained, even for complicated systems such as the transition 
metals.
Gas-phase spectroscopic investigations of transition 
metal dimers and trimers have thus far concentrated on the 
more easily prepared homonuclear species such as V2,9 
Cr2,10-13 Fe2,14 Co2,14 Ni2,15 Cu2,16 Mo2,17-20 Ag2,16 Re2,21 
Pt2,22 Au2,16 Ni3,23 Cu3,24-26 and Ag3.27 Among the mixed 
transition metal species only CuAg,28,29 CuAu,30 and 
CrMo31 have yet been spectroscopically studied in the gas 
phase. This pattern of study has occurred in part because the 
laser vaporization technique has only been in general use for 
a few years, and investigators have usually chosen to concen­
trate their efforts on the simpler single-component species. 
In addition, however, a general method of conveniently gen­
erating mixed clusters has not existed. In a few cases mixed 
clusters have been produced by laser vaporization of a target 
alloy,32-36 and recently mixed clusters have been generated 
by vaporization of one metal in the presence of a volatile 
organometallic compound of a second metal.37 The former 
method is limited by the availability of the target alloy. The 
latter method relies on the facile photodissociation of the 
organometallic compound during the laser vaporization of 
the target metal, and may be compromised if the ejected 
ligands reattach to the metal during supersonic expansion. 
Moreover, this method is limited by the availability of suit­
able volatile organometallic compounds. In this paper we 
report a more general method for the production of mixed 
metal clusters, in which powdered metals are mixed and 
then compacted into a solid, vaporizable disk under high 
pressure. The disk can be made with nearly any mixture of
metal powders, and in any ratio. Using this method of sam­
ple preparation we anticipate that most of the mixed transi­
tion metal dimers can be systematically investigated. As has 
been demonstrated by a number of electron spin resonance 
(ESR) studies of matrix-isolated mixed transition metal 
clusters,38"42 chemical bonding in the mixed dimers is at 
least as intriguing as the bonding in the homonuclear sys­
tems. In addition to the possibilities of single or multiple 
bonds, and high or low spin, mixed transition metal dimers 
include the possibility of partial charge transfer from one 
atom to the other, resulting in molecules with nonzero dipole 
moments. Such effects may well be important in bimetallic 
catalysts, or in conventional heterogeneous catalysts with 
alkali atoms added as promoting agents.
In this paper we present the first spectroscopic investi­
gation of a jet-cooled mixed transition metal dimer, NiCu. 
We have chosen this species for study in part because it is the 
simplest of the open t/-shell transition metal dimers: it lacks 
only one electron of having a closed rf-shell. As such, NiCu 
should possess a relatively sparse set of excited electronic 
states, and it should be possible to make a detailed assign­
ment of these states, correlating the potential energy curves 
out to the separated atom limit. As experimentalists, an im­
portant role is to provide detailed data for a few benchmark 
molecular systems, which will become the proving grounds 
for improved theoretical methods. The likelihood of suc­
ceeding in a detailed analysis of the spectra of NiCu makes 
this molecule particularly promising for such a role.
In the present investigation resonant two-photon ioni­
zation spectroscopy has been applied to the NiCu molecule, 
resulting in the observation of six electronic band systems 
between 11 500 and 16 500 cm-1 . These are assigned as 
transitions between the ground electronic configuration of 
3d c°u 3d  ^  Asa2 [correlating to the Ni 3d 94s'(3Z>) 
+  Cu 3c? 104s1(2S') separated atom limit] and an excited 
electronic configuration of 3d  c°u 3d  ^  AscfAsa*1, which cor­
relates to Ni 3d 84s2 (3F) +  Cu 3d 104sI (2S) separated atoms. 
One of the band systems has been rotationally resolved, al­
lowing the ground state to be identified as 2A5/2, arising from 
the 3d cu 3d  4so2 electronic configuration. This is in agree­
ment with the one available theoretical calculation.43
In Sec. II we present a brief description of our experi­
mental apparatus and methods. Vibronic and rotationally 
resolved spectra of NiCu are presented in Sec. Ill, along with
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excited state lifetime measurements. These results are then 
interpreted in Sec. IV, where the electronic structure of 
NiCu is discussed in some detail. Finally, Sec. V closes the 
paper with a summary of our findings.
II. EXPERIMENTAL
The molecular beam apparatus employed in these inves­
tigations of NiCu is essentially identical to that used in pre­
vious studies of AI3,44 Pt2,22 and C345 in this laboratory. The 
metal cluster source uses an arrangement very similar to that 
of O’Brien et al.,46 in which the second harmonic of a Q- 
switched Nd:YAG laser is focused onto a rotating metal disk 
located in the throat of a pulsed supersonic expansion of 
helium. Following expansion into vacuum, the molecular 
beam is skimmed and admitted into the ionization region of a 
reflectron time-of-flight mass spectrometer. Resonant two- 
photon ionization spectroscopic studies are then performed 
by directing a pulsed dye laser down the molecular beam 
axis, and crossing this with the output of a pulsed excimer 
laser operating on ArF (193 nm, 6.42 eV). The mass spec­
trum is then digitized at a rate of 100 MHz, and the experi­
mental cycle is repeated at a rate of 10 Hz, with data collec­
tion under computer control.
The key experimental advance which made the present 
work possible was the development of a technique for pro­
duction of mixed metal disks suitable for laser vaporization. 
As we began this work, we became aware of Knight’s suc­
cess47 in generating CP radicals by laser vaporization of a 
mixture of carbon and red phosphorus, which had been com­
pacted under high pressure. Accordingly, an equimolar mix 
of copper (2.5-3.0/i, Alfa) and nickel ( < 63 f i ,  EM Science) 
powders was prepared in a glove box under argon, and trans­
ferred to a high-pressure mold assembly. This consisted of 
two opposable mild steel pistons with polished faces, which 
snugly fit into an aluminum collar which could be disassem­
bled after use. The use of different metals for the pistons and 
the collar was found to greatly reduce the tendency of the 
press to seize when subjected to high pressure. The mixed 
metal powders were then pressed under 50 000 psi using a 
hydraulic press, the mold assembly was disassembled, and 
the solid mixed metal disk was stored under argon until it 
could be used. Failure to store the disk under argon resulted 
in the formation of metal oxides, which severely reduced the 
NiCu signal.
Freshly prepared NiCu disks were reddish and metallic 
in color, though not as red as copper. Since nickel-copper 
alloy is silver in color, the compacted metal powders clearly 
do not form an alloy, but consist of microscopic domains of 
copper and nickel. Moreover, NiCu disks could be easily 
resurfaced on the lathe, with the removed material falling off 
as a fine dust. This again indicated that no alloy formation 
had occurred when the powders were pressed. However, 
NiCu disks that had been subjected to the intense radiation 
used to vaporize the metals displayed silver tracks on their 
surface, demonstrating that local alloying was taking place 
under the laser vaporization conditions.
Once the mixed NiCu disks had been made, mixed Ni­
Cu clusters were generated as easily as the single-component 
clusters. Figure 1 displays a mass spectrum of the metal
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FIG. 1. Mass spectrum of Ni2, NiCu, and Cu2, obtained with ArF radiation 
(6.42 e V, 192 nm). In this experiment an equimolar mix of nickel and cop­
per was vaporized, resulting in the formation of all three diatomic metals.
dimers produced with this source, obtained using ArF radi­
ation (6.42 eV, 192 nm) as the ionization laser. The NiCu 
mixed diatomics of mass 121, 123, and 125 amu were moni­
tored independently as the dye laser was scanned, allowing 
direct recording of the spectra of the isotopically selected 
dimers. In all of the spectra reported here a dye laser (Mo- 
lectron, model DL-II) pumped by the second harmonic of a 
(2-switched Nd:YAG laser (Quantel, model 581-C) was 
used to excite the NiCu molecule, and the excited state was 
then ionized by ArF radiation (6.42 eV, 192 nm) (Questek, 
model 2420). High-resolution studies were carried out using 
an intracavity etalon and accessories (Molectron, DL 224), 
which was pressure scanned from 0 to 1 atm using SF6. Life­
times of the excited states were measured by time-delayed 
resonant two-photon ionization methods.
III. RESULTS
A. Vibronic spectra of NiCu
Figure 2 displays a low-resolution resonant two-photon 
ionization spectrum of 58Ni63Cu over the range 11 300­
14 500 cm-1 (885-690 nm). This spectrum was obtained 
using the laser dyes LDS 698, 750, 751, 821, and 867 and 
their mixtures, and is a composite of several scans. Further 
scans to the blue to 16 500cm_1 (606 nm) were also careful­
ly performed using rhodamine 640, DCM, and LDS 698, but 
no additional transitions were observed. Although no at­
tempt has been made to scale the intensity of spectroscopic 
transitions by normalizing to the intensity of the dye laser, 
the intensities of the features in Fig. 2 are meaningful since 
the dye laser fluence ( —10 mJ/cm2) did not vary strongly 
over the broad range of the LDS dyes, and the low intensity 
gaps between dyes were overcome by the use of mixtures.
Six band systems have been identified in Fig. 2, where 
they are labeled as systems A-F. Although only the cold 
bands are labeled, hot bands corresponding to v" =  1 have 
been found for all of the band systems, and hot bands with 
v" =  2 have been found for system B. Altogether, 76 vi­
bronic bands have been identified as belonging to the six 
band systems A-F, thereby accounting for nearly all of the
i, No. 7,1 April 1989
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FIG. 2. Low-resolution spectrum of NiCu, obtained by resonant two-photon ionization spectroscopy with a scanning dye laser followed by photoionization 
with ArF radiation. The cold bands of systems A-F are marked. U nmarked features are nearly all accounted for as hot bands derived from these systems. See 
Table I for hot band assignments.
features in the spectrum. Band assignments were based on 
the intensities of the bands and on the isotope shifts between 
the NiCu species of mass 121 (58Ni63Cu), mass 123 
(58Ni65Cu and “ Ni^Cu), and mass 125 (“ Ni^Cu). The 
bandhead positions and assignments, along with isotope 
shifts and least-squares fitted band positions are given in Ta­
ble I for all 76 bands of 58Ni63Cu.
Least-square fits of the band positions for each band 
system have been performed to extract co'e and co'x' for each 
of the excited electronic states. In addition, the least-squares 
fit of systems A, C, D, E, and F has enabled AG "/2 to be 
extracted, while the observation of v" =  2 hot bands in sys­
tem B has allowed the vibrational frequency, eo", and anhar- 
monicity, a>"x", of the ground state to be determined. These 
spectroscopic constants, along with the band origins, Vqq, of 
each band system are reported in Table II. The AG "/2 values 
listed in Table II for each band system are all consistent 
within experimental error, giving AG "n  — 271.7 ±  0.5
cm-1 . This value is much larger than the vibrational fre­
quencies of any of the upper states, which range from co’e 
=  191.68 ±  0.85 cm-1 to a ’e =  207.75 ±  0.71 cm -'. The 
chemical bonding in ground state NiCu is clearly much 
stronger than in any excited states observed here.
Lifetimes of selected bands were measured by time-de­
layed resonant two-photon ionization methods; the resulting 
1/e decay times are given in Table I. All of the excited states 
are quite long lived, with lifetimes ranging from 3 to 9 //s. If 
the only decay process is fluorescence to the ground elec­
tronic state, such lifetimes correspond to absorption oscilla­
tor strengths ranging from 9 x l 0 ~ 4 to 2 x  10-3 . As dis­
cussed in Sec. IV, however, other low-lying electronic states 
exist, and fluorescence to these states is also possible. There­
fore the true oscillator strengths of the observed band sys­
tems are probably below 1X 10“ 3. This is too small for the 
observed transitions to be fully allowed, but is certainly larg­
er than expected for spin-forbidden transitions. (For com-
J. Chem. Phys., Vol. 90, No. 7,1 April 1989
Jownloaded 19 Dec 2001 to 128.110.196.147. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
3420 Z. Fu and M. D. Morse: Spectroscopy of NiCu
TABLE I. Vibronic bands of 58Ni63Cu.
Isotope shift
Observed Fitted ------------------------------
frequency" frequency” Difference Mass 123° Mass 125“ Lifetime1 
System Band__________ (cm-1 )______________ (cm"')_______________(crrT ')_________ (cm"') (cm"')__________ (^s)
0-0 11485.46 11 485.35 0.11 0.00 0.00
1-0 11 690.96 11 689.93 1.03 -2 .2 9 -3 .8 2
2-0 11 889.82 11 891.35 -  1.53
3-0 12 090.35 12 089.60 0.75 -3 .9 3 -8 .4 9 8.16+1.66
4-0 12 285.39 12 284.69 0.70 -5 .6 8 -  11.96 8.90 +  0.99
5-0 12 477.60 12 476.61 0.99 -7 .61 -  14.80
6-0 12 664.42 12 665.37 -0 .9 5 -7 .9 4 -  16.32
7-0 12 849.84 12 850.97 -  1.13 -9 .1 0 -  19.16
2-1 11 619.82 11 619.66 0.16 -0 .3 7 -  1.49
3-1 11 815.91 11 817.91 -2 .0 0 -  1.59 -3 .4 6
5-1 12 204.97 12 204.92 0.05 -4 .9 1 -8 .1 9 8.52 ±  1.54
6-1 12 395.20 12 393.68 1.52 -5 .9 2 -  12.27 8.57 ±  0.70
7-1 12 601.82 12 601.79 0.03 -6 .9 6
0-0 11 872.85 11 872.25 0.60 0.20 0.39
1-0 12 070.11 12 069.88 0.23 -  1.60 -3 .0 0 4.34 ±  0.24
2-0 12 263.78 12 264.28 -0 .5 0 -3 .3 3 -6 .6 6 4.39 ±  0.44
3-0 12 456.02 12 455.43 0.59 -5 .5 0 -  10.20 4.66 +  0.85
4-0 12 643.70 12 643.35 0.35 -6 .1 7 -  12.79 5.03 ±0.50
5-0 12 828.07 12 828.02 0.05 -7 .7 3 -  15.46
6-0 13 008.15 13 009.46 -  1.31 -8 .5 8
0-1 11 601.74 11 601.24 0.50 2.19 4.65
1-1 11 797.60 11 798.87 -  1.27 0.57 1.91
2-1 11992.11 11 993.27 -  1.16 -  1.20 -2 .2 1
3-1 12 184.69 12 184.42 0.27 -3 .7 5 -5 .8 3 6.07 ±  0.50
4-1 12 373.26 12 372.34 0.92 -4 .9 9 -9 .9 9 5.12 +  0.30
5-1 12 557.71 12 557.02 0.69 -  5.29 -  11.91 7.14 ±0.29
6-1 12 738.51 12 738.46 0.05
0-2 11 331.85 11 332.23 -0 .3 8 4.21
1-2 11 530.71 11 529.86 0.85 0.96
2-2 11 723.95 11 724.26 -0 .3 1 -0 .7 7
4-2 12 102.71 12 103.33 -0 .6 2 -3 .9 4
6-2 12 469.91 12 469.45 0.46
2-0 12 252.75 12 252.81 -0 .0 6 -2 .5 5 -5 .4 4 4.41 ±  1.08
3-0 12 443.34 12 442.93 0.41 -5 .4 9
4-0 12 630.23 12 630.38 -0 .1 5 -6 .2 9
5-0 12 814.97 12 815.17 -0 .2 0
3-1 12 171.04 12 171.26 -0 .2 2 -2 .0 1 -4 .6 3
4-1 12 358.67 12 358.71 -0 .0 4 -3 .9 9 -9 .4 2
5-1 12 543.75 12 543.49 0.26 -5 .51
0-0 12 236.21 12 236.56 -0 .3 5 0.41 0.0 5.82 ±  0.47
1-0 12 428.96 12 427.81 1.51 -  1.69 -2 .1 2 5.54 ±  0.54
2-0 12 615.91 12 615.38 0.53 -2 .6 5 -5 .2 9
3-0 12 799.87 12 799.29 0.58 -4 .0 9 -8 .6 4 6.77 +  0.80
4-0 12 979.09 12 979.52 -0 .4 3 -5 .2 4 -  10.96 7.23 ±  0.50
5-0 13 154.92 13 156.08 -  1.17 -5 .2 5 -  12.87 6.23 ±  0.75
6-0 13 328.66 13 328.98 -0 .3 2 -8 .01 -  16.39 7.15 ±0.59
0-1 11 965.51 11 965.19 0.32 1.40 4.40
1-1 12 155.48 12 156.44 -0 .9 6 1.30
2-1 12 342.86 12 344.02 -  1.16 -0 .6 2
3-1 12 528.16 12 527.92 0.24 -  2.65 -3 .9 7
4-1 12 708.52 12 708.16 0.36 -3 .5 3 -7 .0 6 7.49 ±  0.49
5-1 12 885.36 12 884.72 0.64 -4 .5 5 -9 .5 5 6.33 ±  0.39
6-1 13 058.19 13 057.61 0.58 -5 .2 4
0-0 13 038.03 13 039.92 -  1.89 0.41 0.40
1-0 13 232.77 13 233.01 -0 .2 5 -  1.43 -2 .3 8 3.62 ±  0.37
2-0 13 423.24 13 423.37 -0 .1 3 -2 .6 1 -6 .0 6 2.69 ±  0.49
3-0 13 611.71 13 610.99 0.72 -4 .6 0 -8 .7 3 3.97 ±  0.25
4-0 13 795.70 13 795.87 -0 .1 7 -6 .3 9 -  12.26
5-0 13 979.52 13 978.01 1.51 -6 .5 7 -  13.35
6-0 14 157.62 14 157.42 0.20 -  8.03 -  16.81
0-1 12 769.91 12 767.70 2.21 2.20 5.10
2-1 13 150.63 13 151.15 -0 .5 2
3-1 13 338.58 13 338.76 -0 .1 8 -0 .1 7 -2 .6 4 5.04 ±  0.36
4-1 13 523.73 13 523.64 0.08 -2 .8 3 -6 .6 9
5-1 13 704.70 13 705.79 -  1.09 -4 .3 8 -  8.91
6-1 13 884.69 13 885.20 -0 .5 1 -  5.70
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frequency* frequency5 Difference Mass 123° Mass 125c Lifetime"1
System Band (cm-1 ) (cm-1 ) (cm-1 ) (cm-1 ) (cm-1 ) (/*s)
0-0 13 505.46 13 504.96 0.50 0.00 0.00
1-0 13 692.77 13 693.15 -0 .3 8 -  1.23 -2 .3 3
2-0 13 876.99 13 877.84 -0 .8 5 -2 .6 1 -5 .6 3 4.70 ±  0.24
3-0 14 060.72 14 059.05 1.67 -4 .4 8 -8 .7 1 5.12 ±0.37
4-0 14 235.81 14 236.76 -0 .9 6 -5 .2 5 -  10.96 5.44 ±  0.40
5-0 14411.00 14410.99 0.01 -7 .1 7 -  13.22 5.95 ±  0.89
3-1 13 785.64 13 786.94 -  1.30 -  1.80 -5 .6 6 5.16 ±0.28
4-1 13 965.86 13 964.66 1.21 -3 .2 5 -6 .0 9 5.58 ±0.53
5-1 14 139.54 14 138.88 0.66 -5 .3 5 -9 .9 5 6.01 +  0.49
6-1 14 309.05 14 309.62 -0 .5 7 -6 .3 3 -  11.17
* Frequency observed for 58Ni63Cu. Relative uncertainty in the band positions is estimated as ±  2 cm - 1, but the absolute band positions may be in error by as 
much as 10 cm-1 .
bBand positions were fitted to the equation v =  +  a>'e\f — a>'tx ’e (v'1 + v') — AG"/2 for v" =  0,1 and v =  v00 +  &>'i/ 
— &)'ex ’e(v'2 +  v') — ta'Jv" +  a>”x"(v"2 +  v") for u" = 0 ,1 ,2 . The resulting values of the parameters vm, io'e>co[,x'c, (o", a>"x", and AG "n  are given in Table
II.
"Isotope shifts are measured at the bandheads, with the convention that a negative shift indicates that the designated isotopic band lies to the red of the 
58Ni63Cu band.
dThe quoted errors are +  1 cr, as determined from a least-squares fit.
parison, the a 32„+ <-X  ‘S g+ transition in matrix-isolated 
Cu2 exhibits an oscillator strength o f f — 3 X 10-7 , based on 
the a 32„+ lifetime of 27 ms. )48 The low oscillator strength of 
the observed transitions will be considered in more detail in 
Sec. IV, where a comprehensive description of the electronic 
structure of NiCu is provided.
B. Rotationally resolved spectra of 58Ni63Cu
Figure 3 displays high resolution (0.05 cm-1 ) scans of 
the 1-0 (7303 A) and 3-0 (7112 A) bands of system F, 
along with simulated spectra. As is also evident in Fig. 2, 
both bands are red degraded, with the R  branch forming a 
sharp and intense bandhead. A series of P  branch lines are
TABLE II. Spectroscopic constants of 58Ni63Cu.a
State V ^voo « . b “>exe b B. a. re( A)







13 504.96 ±  1.04 
13 039.93 ±  0.83 
12 236.56 ±  0.56 
11 864.57 ±  1.72 
11 872.25 +  0.49 
11 485.35+ 1.02
191.68 ±0.85  
195.83 ±0.67  
194.92 ±  0.46 
198.12 ±  1.15 
200.87 ±  0.38 
207.75 ±0.71  
273.01 ±  1.15
1.75 ±0.12  
1.37 ±  0.09 
1.84 ±  0.06 
1.33 ±0.14  
1.62 +  0.05 
1.58 ±  0.08 
1.00 ±0.38
0.101 08 ±  0.000 12e 
0.11208 ±  0.000 18e*
0.001 04 ±  0.000 06' 
0.000 55 ±  0.000 16*-*
2.3513 ±  0.005f 
2.2330 ±  0.006f
“ All constants reported in this table are given in wave numbers (cm 1), except rc, which is given in Angstroms (A ).
b Vibronic bands were fitted to the formula v =  Voo +  <u'v' — co’e x'e(v'2 + v’) — AG\'/2v" for systems in which only v" =0,1 were observed. For the B -X  band 
systemu" =  0,1, and 2 were observed, and the band positions were fitted to the formula v =  v(KI +  <u'u' — (i/2 +  v’) — co"u" +  co"x"(v"2 +  v"). From 
this fit the ground state parameters to" and co"x" were obtained, and were found to be consistent with the values of AG "n  found in the other fits. The quoted 
uncertainty is ±  lcr, as determined from the least-squares fit. 
c Owing to the uncertainty in absolute calibration of the dye laser used in this work, the uncertainty in v,*, is estimated as +  10 cm- 1 for all band systems. The 
relative uncertainty between band system origins is much smaller, estimated at ±  2 cm -1 .
d As discussed in the text, it is likely that some of the observed band systems originate from electronically excited molecules, probably from the ft =  3/2 
excited spin-orbit component of the X  2 A state. Based on band intensities, systems A and C may arise from this or other metastable electronic states. 
e Uncertainty is given as ±  1 <r, as obtained in the least-squares fit, and does not include the estimated ±  0.15% error expected in the calibration of the 0.2196 
cm- 1 etalon. A more conservative estimate would triple the errors listed above.
fUncertainty in bond length is reported as ±  3a, thereby including the uncertainty in calibration of the monitoring etalon. 
t B<, and a* are,derived for the X  2A,/2 state from the measured B„ assuming the validity of the Pekeris relationship (Ref. 51).
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observed going off to the red, and a weak Q branch is ob­
served which quickly decreases in intensity with increasing 
J. This distribution in spectral intensity among the P, Q, and 
R  branches, with strong P  and R  branches and a Q  branch 
which rapidly diminishes with increasing J, is characteristic 
of bands with A A =  0 [or Aft =  0 in Hund’s case (a) or 
(c )] .49
In atomic nickel the 3d  94s', 3D  and 3d  84i2, 3F  terms lie 
lowest in energy, with only 240 cm ~1 separating the /-aver­
aged term energies.50 In forming the chemical bond with 
copper, 3d  104j‘, 2S  the strongest bond will clearly be formed 
with the nickel atom in its 3 d 94s1, 3D  term, resulting in a 
molecular configuration of 3d c° 3d  ^  (4s<t)2. Such a config­
uration lacks one electron of being a closed shell configura-
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Rotationally Resolved Spectra of 58Ni63Cu
FIG. 3. High-resolution spectra of the 1-0 
and 3-0 bands of system F of 58Ni63Cu. Ob­
served spectra are shown in the upper portion 
of the figure, while simulated spectra are 
shown below. The band origins, v0, are locat­
ed at 0 cm- and the frequency axis is mea­
sured relative to this position. Line positions 
are given in Table III. Simulated spectra are 
calculated using the rotational constants from 
footnote c of Table III, along with a laser 
linewidth of 0.05 cm-1, and an assumed rota­
tional temperature of 15 K.
WAVENUMBER (cmr h
tion, and the hole can be in either a da, dir, or dS orbital, 
localized on the nickel atom. Thus the NiCu ground state is 
expected to be 21 J 2, 2II1/2, 2n3/2, 2A3/2, or 2A5/2. Based on 
these considerations and the observations described in the 
preceding paragraph we have considered ft' =  
5 /2 - f t"  =  5/2, ft' =  3/2«-ft" =  3/2, and ft' =  
l/2«-ft"  =  1/2 transitions in our analysis of the high reso­
lution spectra. A careful examination of all possible assign­
ments consistent with these values of ft' and ft" has permit­
ted the unambiguous assignment of system F as an ft' =  
5/2 *- 2A5/2 transition. The observed and fitted line positions 
of both the 1-0 and 3-0 bands are given in Table III. The 
rotational and derived constants of 58Ni63Cu are provided in 
Table II.
IV. DISCUSSION
With the spectroscopic data described in Sec. I ll in 
hand, it is now possible to make some progress in under­
standing the electronic structure of NiCu. Table IV lists the 
term manifold of NiCu, as determined for the lowest states of 
the separated atoms. In setting up the correlation between 
the separated atom and molecular states we have assumed 
that the 3d electrons make no direct contribution to the 
chemical bonding in NiCu. This assumption is justified by 
the small orbital radius, (r ), of the 3d  electrons, which is 
calculated by numerical Hartree—Fock methods to be 0.511 
and 0.486 A for nickel and copper, respectively.52 These or­
bital radii are so much smaller than the measured internu­
clear distances listed in Table II that 3d  contributions to the 
chemical bonding are negligible. Experimentally, 3d contri­
butions to the chemical bonding may be excluded on the 
basis of the near equality of the bond lengths (re ), bond 
strengths (D0), and vibrational frequencies (coe ) of Ni2, 
NiCu, and Cu2. These properties are compared in Table V, 
where less than 4% variation is found among the three mole­
cules considered.
The strongly bound states (bond order of 1) of NiCu all 
derive from the 3d 9As' (3D ) Ni +  3d 104s‘ (2S) Cu separated 
atom limit, with the two 4s electrons spin pairing to form a a  
bond. This results in 22 +, 2II, and 2 A states, of which the 
2A5/2 component is shown by the present study to be the 
ground state. In the upper states of all six band systems, the 
vibrational frequency is within 9 of 200 cm -  which repre­
sents a reduction to 73% of the ground state value. This 
corresponds to a reduction of the harmonic force constant to 
54% of the ground state value. On this basis the upper states 
may be thought of as possessing a bond order of 1/2.
In principle, a bond order of 1/2 could be achieved by 
either promoting a nonbonding 3d electron to the 4sa* anti­
bonding orbital, or by removing a Asa bonding electron and 
placing it in the 3d n, core, forming a 3d c° 3d n, Asa' config­
uration. The latter possibility leads only to a 22,+2 term, 
which would not be optically accessible from the 2A5/2 
ground state.54 Moreover, it would correlate to the 
3d  l04s°( ’5) Ni +  3d l0As'(2S) Cu separated atom asymp­
tote, which lies 13 997.4 cm-1 above the lowest separated 
atom state. On this basis we may safely conclude that the 
upper states observed in this work have the molecular elec­
tronic configuration 3d c°u 3d Asa1 Asa* *, which derives 
from the 3 dH s2(3F) Ni +  3d 104s'(2^ ) Cu separated atom 
limit.
In the separated atom limit, the observed transitions 
correspond to the 3dH s2(3F) ^ 3 d 9A s \3D ) transition of 
atomic nickel. This transition is rigorously forbidden under 
electric dipole selection rules, since it is a g —g  transition. 
When the NiCu molecule is formed, however, the center of 
inversion is removed, and this transition gains some slight 
intensity. The low oscillator strength of our observed transi­
tions therefore arises from the forbidden nature of the transi­
tion in the separated atoms.
Candidates for the upper states observed in this study
are the 22),/2, 2n i/2, 2n 3/2, 2A3/2, 2A5/2, !4>5/2, and 2<P7 /2
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TABLE III. Observed and fitted line positions for the Fband system of 58Ni63Cu.a
3423









line position' Residual Comment
*(2.5) 0.595 0.589 0.006 0.557
*(3.5) 0.698 0.702 -0 .004 0.652
*(4.5) 0.803 0.790 0.013 0.718 *-branch head
*(5.5) 0.866 0.853 0.013 0.755 *-branch head
*(6.5) 0.892 *-branch head 0.764 *-branch head
*(7.5) 0.906 • *-branch head 0.745 *-branch head
*(8.5) 0.896 *-branch head 0.696
*(9.5) 0.866 0.861 0.005 0.619
*(10.5) 0.803 0.801 0.002 0.514
*(11.5) 0.709 0.717 -0 .008 0.357 0.380 -  0.023
*(12.5) 0.593 0.608 -  0.015 0.200 0.217 -  0.017
*(13.5) 0.481 0.474 0.007 0.041 0.026 0.015
*(14.5) 0.314 0.316 -0 .002 -0 .187 -0 .1 9 4 0.007
*(15.5) 0.123 0.133 -  0.010 -0 .444 -0 .443 -0 .001
*(16.5) -  0.088 -  0.075 -  0.013 Blended with 2(2-5) -  0.724 -  0.720 -0 .004
*(17.5) -  0.301 -  0.307 0.006 -  1.026
*(18.5) -  0.577 -0 .5 6 4 -0 .013 -  1.360
*(19.5) -0 .817 -0 .8 4 6 0.029 Blended with 2(7-5) -  1.723 -  1.723 0.000
*(20.5) -  1.153 -  1.152 -0 .001 -2 .115 -2 .115 0.000
*(21.5) -  1.483 Blended with Q( 10.5) -  2.532 -  2.535 0.003
2(2.5) -  0.084 -0 .108 0.024 Blended with * (  16.5) -0 .095 -0 .125 0.030
2(3.5) -0 .175 -0 .1 9 4 0.019 -0 .212 -  0.225 0.013
2(4.5) -  0.320 -  0.305 -0 .015 -  0.354
2(5.5) -  0.468 -0 .441 -  0.027 -0 .512
2(6.5) -0 .603 -0 .601 -0 .002 -  0.698
2(7.5) -0 .8 1 7 -  0.786 -0 .031 Blended with *(19.5) -0 .912
2(8-5) -  1.002 -  0.995 -0 .007 -  1.155
2(9-5) -  1.229 -  1.427
2(10.5) -  1.488 Blended with *(21.5) -  1.728
2(11-5) -  1.772 -  2.057
2(12.5) -  2.089 -  2.080 -0 .009 -2 .4 1 4
P( 3.5) -  0.874 -  0.891 0.017 -  0.908
*(4.5) -  1.203 -  1.201 -0 .002 -  1.232 -  1.231 -0 .001
*(5.5) -  1.514 -  1.536 0.022 -  1.586 -  1.584 -0 .002
*( 6.5) -  1.896 -  1.895 -0 .001 -  1.975 -  1.964 -0 .011
*(7.5) -  2.286 -  2.279 -0 .007 -  2.377 -  2.374 -0 .003
*(8.5) -  2.691 -  2.687 -0 .0 0 4 -2 .819 -2 .812 -0 .007
*(9.5) -3 .128 -3 .121 -0 .007 -3 .285 -  3.279 -0 .0 0 6
*(10.5) -  3.568 -  3.578 0.010 -  3.779 -  3.774 -0 .005
*(11.5) -  4.073 -  4.061 -  0.012 -  4.297 -  4.298 0.001
*(12.5) -  4.559 -  4.568 0.009 -  4.856 -4 .851 -0 .005
*(13.5) -5 .109 -5 .1 0 0 -0 .009 -  5.446 -  5.432 -  0.014
*(14.5) -5 .651 -  5.656 0.005 -  6.033 -6 .042 0.009
*(15.5) -6 .231 -  6.237 0.006 -6 .664 -  6.680 0.016
*(16.5) -  6.842 -  6.843 0.001
a All numerical values are in wave numbers (cm 1).
b The observed line positions were measured by interpolating between the fringes of a 0.2196 cm - 1 etalon. After fitting the line positions, a constant has been 
added to all observed and fitted line positions so that the band origin, v0, falls at 0.000 cm-1 .
'Fitted line positions are obtained by a least-squares fit of the observed line positions for each individual band to the formula 
v =  v0 + B 'J '( J ' + 1) — +  1). From the fit of the 1-0 band we obtain v0 =  0.000 ±  0.0029 cm” ', B \  =  0.099 53 ± 0.000 10 cm” ', B ”
=  0.111 86 ±  0.000 11 cm-1 , while the fit of the 3-0 band provides v0 =  0.0000 +  0.0040 cm-1, B ’3 = 0.097 46 +  0.000 12 cm-1, and B"t 
=  0.111 76 ±  0.000 13 cm- 1. The small uncertainties in these parameters, small residuals in the fit, and agreement between the two independent fits of B  „ 
support the assignment given.
states which arise from the 3d c°u 3d  ^  4so24sa*1 configura­
tion of NiCu, and which correlate to the 3 d s4s2( 3F) Ni 
+  3d I04sl (2S) Cu separated atom limit. We exclude the 
quartet (S  =  3 /2) states arising from this limit from consi­
deration, on the assumption that intercombination transi­
tions will be much weaker than our observed transitions, 
with much longer lifetimes. Of the doublet terms listed 
above, only 2n 3/2, 2A3/2, 2A5/2, 2<&5/2, and 2<J>7/2 are optically
accessible from the ground 2A5/2 state of NiCu. Thus, five 
band systems should be observed in this study, yet we have 
identified six band systems in the observed spectra. There are 
only two possible explanations for the presence of a sixth 
band system in our data. Either, (1) it is an intercombina­
tion, with the upper state belonging to one of the components 
of the 42 _ , 4II, 4A, and 4<f> multiplets, or (2) it is an elec­
tronic hot band, in which the lower state of the transition is
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TABLE IV. Term mainfold of low-lying states of NiCu.”
Separated atoms Molecular NiCu
Atomic states
Energyb
(cm ‘) Ni Cu Molecular terms Molecular configuration Bond order0
0.00 3 d 9As'(3D) 3d l04s'(25) + 1/2 *2n , /2, 2n 3/2:, 2A3/2, 2A5/2, I d '^ ld l^ s o 2 1
4v +~  1/2» 4^ + ^3/2» 4 n - i , i2 < 4ri 1/2, 4n 3/2, 3d "13d h, 4scr’ 4str*' 0
4n  5/2, 4A|/2> 4A3/2, 4A5/2,4A7/2 3d 3d n, 4sa' Asa* ' 0
240.34 3dHs*CF) 3 d 104s '(25) 22 f/2, 2n , /2, 2n 3/2:> 2A3/2> 2As/2> 2<I>5/2> 2<l*7/2 3d 3d n, 4s(r4.scr* 1 1/2
4y -■^ 1/2 >%72, 4n „ , i2 < 4n l/2, 4n 3/2, 4n 5/2, 3d 3d  ^  4i<724i(T*1 1/2
4Al/2’ 4A3/2. 4As/2>4A?/2'4<l>3/2i 4<^ 5/2 3d 3d n; AscfAso*' 1/2
4<J>7/2. 4<I>9/2 3d J," 3d 5|j 4iC724s<r*1 1/2
2678.48 3 d 9As'('D) 3 d l04 i'(25) 2n , /2,2n 3/2. 2A3/2> 2As/2 3d c°u 3d  ^  Asa' Asa*' 0
“This table includes all separated atom limits below 12 000 cm- ' in energy.
b Separated atom energies are given by the weighted average over the atomic levels, using the energy levels of Ref. 50. 
‘ Calculated assuming no d -d  bonding contributions.
not the 2^ 5/2 ground state, but is electronically excited. In 
the latter case, the 2a 3/2 state is the most likely possibility.
Based on the comparable band intensities and similar 
lifetimes of the six observed band systems, it is unlikely that 
one band system is an intercombination system, while all of 
the others preserve the value of S  in the transition. Therefore 
we conclude that one (or more) of the observed band sys­
tems arises from an electronically excited lower state, prob­
ably the 2A3/2 state. Of the band systems shown in Fig. 2, 
systems A and C are noticeably less intense than the remain­
ing band systems, and therefore may be electronic hot bands, 
originating from the 2A3/2 state. Proof or disproof of this 
conjecture must await further experimental work, however. 
In particular, high-resolution studies and stimulated emis­
sion probing of the lower states should greatly clarify the 
manifold of doublet states in NiCu.
This work should be compared to the one available theo­
retical investigation of NiCu by Shim.43 In her study of 
NiCu, Shim calculated the doublet states arising from 
2>d9Asl CD) Ni and 2d 104s't2,?) Cu, using Hartree-Fock 
methods followed by configuration interaction allowing full 
reorganization within the 3d and 45 shells. The 2A state was 
found to lie lowest in energy at all levels of theory; when 
spin-orbit interactions were included, the 2A5/2 component 
was found to be the ground state. This is in agreement with 
the experimental results presented here. However, Shim cal­
culates a bond length of 2.41 A for the X  2a 5/2 state of NiCu, 
nearly 0.2 A longer than that measured in the present inves­
tigation. The calculated vibrational frequency o f347 cm - 1 is 
considerably larger than that measured here. Finally, the 
calculated bond strength of 1.54 eV is too small by about 0.5 
eV, indicating that a higher level of theory, probably includ­
ing the 4p  orbitals, is required.
The only other experimental work on NiCu prior to this 
study consists of a mass spectrometric measurement of the 
high-temperature gas-phase equilibrium
NiCu +  Cu«=sCu2 +  Ni
by Kant, Strauss, and Lin.53 In this investigation, a second- 
law value of D0(NiCu) =  2.06 +  0.22 eV was obtained, 
while the third-law value was calculated to be 
D0(NiCu) =  2.14 +  0.25 eV. A re-evaluation of their data 
by the third-law method, using the bond length and vibra­
tional frequency obtained here for the ground 2As/2 state, 
assuming electronic excitation energies to the 2A3/2, 2n 3/2,
2n i/2, and 22 1/2 states as calculated by Shim,45 and using 
A>(Cu2) =2.01 ± 0 .0 8  eV,2 yields D0(NiCu) 
=  2.05 +  0.10 eV, in excellent agreement with the second- 
law value. This is also in close agreement with Z>0(Cu2) and 
Z>0(N i2), as shown in Table V, demonstrating the similari­
ties in chemical bonding among this series of compounds.
V. CONCLUSIONS
The NiCu diatomic molecule has been investigated by 
resonant two-photon ionization spectroscopy in a jet-cooled 
molecular beam, and six band systems have been identified
TABLE V. Comparison of Ni2, NiCu, and Cu2.
Property 58Ni2 58Ni63Cu 63Cu2
r„ 2.200 ±  0.007 A‘ b 2 .233+0.006 Ae 2.2197 Ae
D0 2.068 ±  0.01 eVa 2.05 ±  0.10 eVd 2.01 ±  0.08 eVe
to. ■■■ 273.01 ±  1 .1 5 c m -'c 264.55 c m -"
•Reference 15. 
b This value is r0, not rt . 
c This work.
d Reference 53, reevaluated as described in Sec. IV.
' Reference 2.
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over the frequency range 11 500-16 500 cm-1 . With the ex­
ception of one or two band systems which arise from elec­
tronically excited NiCu, these systems correspond to excita­
tions from the X  2A5/2 ground state, which is characterized 
by co" =  273.01 +  1.15 cm-1 , eo"x" =  1.00 +  0.38 cm-1 , 
and r" =  2.233 ±  0.006 A.
The upper states are all more weakly bound, with co'e 
ranging from 192 to 208 cm-1 . One band system has been 
rotationally resolved, allowing the identification of the 
ground state as * 2A 5/2, and establishing the bond length of 
the ground state. The upper state of this band system is 
characterized by f t ' =  5/2, r ' =  2.351 +  0.005 A, co'e 
=  191.68 +  0.85 cm-1 , and a'ex'e =  1.75 +  0.12 cm-1 . All 
spectroscopic constants are reported for the 58Ni63Cu isoto­
pic modification.
The groundX  2As/2 state of NiCu arises from the molec­
ular configuration 3d [°u 3d  ^  Asa2, which in turn correlates 
to 3rf^s’^ZONi +  3d 104 '^ (25)Cu separated atoms. Other 
states correlating to this limit are 2A3/2, 2n 3/2, 2I l1/2, and 
22 | /2, which are all expected to be strongly bound, along 
with a number of quartet (S  =  3 /2) states which are expect­
ed to be repulsive. Use of our spectroscopic parameters for 
the X 2A5 / 2  state, along with the estimated excitation ener­
gies to the other strongly bound states43 has permitted a re­
evaluation of the bond strength of NiCu by the third-law 
method,53 resulting in Z)0(NiCu) =  2.05 +  0.10 eV. 
This is nearly identical with the bond strengths 
Z>0(Ni2) =  2.068 +  0.01 eV15 and Z)0(Cu2) =  2.01 ±  0.08 
eV.2
The upper states derive from the 
3d 84s2 (3F) Ni +  3 d 1 °4s1 (2S) Cu separated atom 
limit, which is nearly degenerate with the 
3rf94y'(3D )N i +  3d “Hs’^SOCu separated atom limit. 
These states possess a molecular configuration of 3d c°u 3d 
AscfAso* *, which leads to a bond order of 1/2, accounting 
for the reduced value of co'e for these systems and for the 
observed increase in bond length.
Further work is in progress to clarify the molecular 
terms associated with each band system, and attempts will 
be made to locate the remaining strongly bound states of 
NiCu. At that time a complete picture of the electronic 
structure of this simplest open -d shell transition metal dimer 
should be available.
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